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ABSTRACT

Optical emissions in single-collision reactions of fast (20 eV laboratory translational energy)
O(°P) atoms with hydrazine, methylhydrazine, and 1,1 -dimethylhydrazine have been
measured in a crossed-beams geometry, The emissions were observed in the wavelength
range 325-440 nm, and were identified as the CH (A 2,-» X 2, (for methylhydrazine), CN
(B 25*-» X 2g*) (for methylhydrazine) and NH (A 3 - X 3%) transitions (for all three
hydrazines). The experimental vibration-rotation bands were fit to a synthetic spectrum of

CH, CN and NH with given vibrational and rotational temperatures.
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1. INTRODUCTION

Collision studies of hyperthermal neutral beams with molecules under single-collision
(nonplasma) conditions provide evidence for considerable chemical reaction and bond
disruption in the collision system [1-3]. Such studies also provide a means of selectively
pumping a single (translational) degree of freedom and probing its effects on chemical
reactivity. For the case of endothermic processes, measurements of the reaction threshold
can provide information on the barrier for the reaction, and how that barrier is related to
reaction dynamics (eg, on the symmetry of the colliding partners [4][5]. In a previous study
of the reaction O(°P) -t HCN it was shown that the measured threshold for the CN (B -> X)
transition was in good agreement with the thermochemical threshold, indicating a small
reaction barrier [3],

Reported herein is a study of the reaction of fast [laboratory (LAB) energies of
20 eV] O(°P) atoms with a sequence of three increasingly complex molecules: N,H,,
CH,NH-NH,, and 1,1-(CHj3),N-NH, under single-collision, beam-beam conditions. The study
was undertaken to identify the reaction channel(s) which are active in the hyperthermal
energy regime, to compare observations with data from thermal-energy studies, and to
apply the results of the laboratory work to experimental data from low-earth orbit (LEO)
space experiments.

In this last regard, CN (B = X) was observed when the shuttle primary reaction
control engines were fired into the ambient atmosphere [6]. The velocity of the exhaust

gases was the sum of the LEO velocity (7.8 km/see) and the exhaust-gas velocity (3.5




km/see). NH (A - X) emission is observed under similar conditions [7]. In both observations

the fuel consists of monomethyl hydrazine (CH,NH-NH,, MMH) oxidized by N,0,4. The
combustion products, which are though to contain HCN and some unburnt MMH, react
with the atmosphere near 300 km. The atmosphere consists of approximately 95% ground-
state O(®P) atoms and 2% N, at this orbital altitude, Understanding the nature and causes
of these optical emissions is important for space-borne platforms, such as astronomical
observatories.

Some studies at O-atom reactions thermal energies have been reported, Becker and
Bayes [8] observed intense emissions in atomic oxygen (AQ) - hydrazine flames in the NO
y-bands (A 2% - X 211), and weaker emissions in the OH (A 2% - X*11) and NH(A *11 - X 33)
bands, Dimpfl et a/. [9] observed infrared radiation from vibrationally-excited products of
the reaction of O(*P) with N,H,, CH;NH-NH,, and CH,NH-NHCH,in a flow-tube study at
room temperature. Rate constants for AO reactions measured at room temperature were
found to be (0,99 * 0.12) x 10'%, (1,6 *+ 0,34) x 10", and (2.3 + 0,34) x 10"c m’

molecule-l see-l for N,H,, CH;NH-NH,, and (CH,;),N-NH,, respectively [1 O].

II. EXPERIMENTAL METHODS

The AO source, target region, and spectrometer system used in these measurements
were the same as those used previously in single-collision, beam-beam collision studies of
the gaseous targets H,0, CO,[1] and HCN [3]. Briefly, the collision measurements are

carried out in uniform, high-intensity (6T)solenoidal magnetic field (see Fig. 1 of Ref. 1 1).



carried out in uniform, high-intensity (6T) solenoidal magnetic field (see Fig. 1 of Ref. 1 1).
Magnetically-confined electrons of 8.0 eV energy resonantly attach to a beam of NO to
form N + O0(*P). The magnetically-confined O ions are accelerated to the desired final
energy, and are separated from the electrons by a trochoidal deflector. The electrons are
photodetached from the Oions using all visible lines from a 20 W argon-ion laser in a
multiple-pass geometry. The detachment fraction is 8-159'0, depending upon the velocity
of the Oions through the detachment region. The resulting O atoms are left exclusively in
the ground 3,state [1 2]. The O and (undetached) O'beams are then directed towards the
hydrazine target, The O“ ions and any photodetached electrons are reflected prior to
reaching the hydrazine beam by a negative bias on the photon-collection mirror upstream
of the target.

The neutral beam of each of the hydrazines is formed by effusion through a 1.0
mm-dia. hypodermic needle. The target region was differentially pumped with a cryopump
to maintain a pressure difference of 1.3 x 10-4 Pa (source) and 2.7 X 10° pa (target)
during operation. Base pressures were 1 x 10°® Pa and 7 x 10°Pa at the source and
target, respectively. Optical emissions from the collision region are collected with a
spherical mirror and focused onto the entrance plane of a double-grating monochromator.
Separate spectra of the emissions and backgrounds are recorded via multichannel scaling.
The spectral resolution is 4.0 nm [full width at half-maximum (FWHM)]. The principal
sources of backgrounds are O'collisions with surfaces, and in the wavelength range
450-550 nm scattered light from the argon-ion laser and the directly-heated electron

emitter filament,




The hydrazines were obtained commercially [13] and had a stated purity of greater
than 98%. Each of the hydrazines was contained in a pyrex vial, and was subjected to ten
freeze-thaw cycles with liquid nitrogen to remove dissolved gases. All valves and transfer

lines were stainless steel.

IIl. EMISSION SPECTRA AND IDENTIFICATION

The relation between laboratory (LAB) and center-of-mass (CM) energies is given by the

standard expression [14]
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where m,and Eare masses and laboratory energies (subscripts 1,2 refer to O and the
hydrazine or substituted hydrazine target, respectively), The energy of the hydrazines
molecules in the beam is thermal (E, = 0.04 eV), and the angle € between the AO and
molecular beams is centered at 90° for crossed-beams collisions, with a total angular width
2A6 estimated to be at most 20°. Contribution from the second term in Eq. (1) (order of
0.01 eV CM energy) is neglected, as is the effect (third term, order of 0.01 eV CM energy)
of the 2A8 width. The second and third terms are also of opposite sign and cancel at the

10°eV level. In this case Eq. (I ) reduces to

Ecy -0.667 E, IN,H1, (2a)
Egy -0.742 E|I [(CH, )JNH-NH, ], (2b)
and Ecm =0.790 E, [ICH,), N-NH, ]. {2c)




Equation (1) is based only upon thelaboratory energies of theincident particles, and
gives no information on the energy sharing between the outgoing particles in the given
reaction channel.

Shown in Fig. 1 are spectra resulting from the collisions of fast O(*P) atoms and each
of the hydrazines. The laboratory O-atom energy was fixed at 20.0 eV in each case,
corresponding to CM energies of 13,3 eV (hydrazine), 14.8 eV (monomethylhydrazine --
MMH) and 15.8 eV (1 ,-dimethylhydrazine -- 1,1-DMH). All three hydrazines emit in the
NH A 3+ X 3% electronic system. In addition, we observe for 1,1-DMH emission in the
CHA 2 - X and CNB 2Z*- X 2Z* systems. No emission were detected in the
hydrazines for the range 550-850 nm,

Calculations of the relative emission intensity for each molecule were carried out in
terms of the known energy levels of the ground and excited electronic states of CH, CN
and NH, Franck-Condon factors for the vibrational bands, and the spectrometer slit
function. The goal of this effort was to identify the emitting species and to characterize the

lineshape of the emission in terms of a rotational and vibrational “temperature”.

The starting equation for the simulation is the emission intensity IU/_,/.D”_,// between

upper vibration-rotation levels v'J’ and lower levels v”J”. This intensity can be

written in standard form as [15, page 20],
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Here,N,.,.(T,,T,) is the upper-state population corresponding toseparate vibrational and

rotational temperatures, o,.,.,-,- the wavenumber of the transition, gqfv’, v*) the Franck-

vJ,v
Condon factor, S,. the rotational line strength, and |R,|2 the square of the electronic
contribution to the transition moment, taken to be independent of internuclear separation

for the present studies, The upper-state population N,.. (T,, Tq) was calculated from the

Maxwell-Boltzmann distribution
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where AE is the vibrational energy, B, the rotational constant in the emitting state, and
Q,(T,), Qg(TR) the vibrational and rotational partition functions, respectively, Note that the
vibration and rotation temperatures are not necessarily the same. The zero of energy is
taken as that of the v’ = O, J’ = O level of the emitting state. The final intensity was the
sum over all upper levels significantly populated at each TV and 7, with Franck-Condon
factors greater than 0.04. This summed intensity was then convoluted with a Gaussian
spectrometer slit function of width 4,0 nm (FWHM) to obtain the final simulation [1].
Energy-level data and rotational constants for CH, CN and NH were taken from Huber
and Herzberg [1 6].Franck-Condon factors for CH A - X were taken from Liszt and Smith
[171; for CN B = X from Lavendy et a/. [18]; and for NH A -=> X from Smith and Liszt [19],
The rotational line strengths S,. for the CN B — X transition were taken from Schadee [20,
Table 3]; for the NH A - X transition from Schadee [20, Table 5]; and for the CHA -» X

transition from Kovacs [21].




IV. DISCUSSION

Results of the spectral fitting are shown in Fig. 1, and the vibrational and rotational
temperatures, as obtained from a best (visual) fit to the data, are summarized in Table 1.

Because of the small emission cross sections in the hydrazines (approximately 0.01
of the emission cross sections encountered in HCN [3]), we were unable in this case to
explore the interesting energy dependence of the emissions below 20 eV, especially to
establish energy thresholds and hence reaction channels leading to excitation of the band
systems. Despite this fact, one can speculate on the possible reaction paths leading to the
observed products. A listing of some of the most probable paths to produce CH, CN and
NH is presented in Table ll. Center-of-mass (CM) threshold energies for production of the
species in their ground states is given in the third column. Threshold energies for production
of CH (A), CN (B) and NH (A) are obtained by adding electronic excitation energies (taken
at their approximate onsets, see Fig. 1 ) of 2,83, 3.17, and 3,59 eV, respectively, The
enthalpies of formation used to calculate the threshold are listed in Table Ill.

In discussing the data several points should be kept in mind. First, the results herein
are under single-collision conditions, so that multiple-collision (secondary) reaction products
are absent. This is relevant when comparing the present work with previous studies in
(higher pressure, multiple-collision) flow tubes. Second, only photon-emitting species
radiating in the range 300-850 nm are detectable, “Dark” molecules which either radiate
outside this range, or which do not radiate at all, are not observed,

In considering the dynamics O the reactions we note that the NH (A — X) emission




is common to the three molecules. Dimpfle? a/. [9] studied the thermal reactions of O(°P)
with N,H,, (CH;)NH-NH,, and CH;NH-NH-CH, in a flow tube and observed infrared emission
from OH, H,0, CO, CO,, HNO, and H,CO. The most relevant observation is that oGP+
N,H, leads to emission from OH(v) and H,0(v}, where v indicates vibrational excitation. For
these thermal-energy reactions it is possible that single-collision processes can give rise to

the observed products,

O -t l\12|"l4"'> OH(V) + N2H3 (5&)
and O + N,H, - H,0(v) + N,H," (5b)
followed by N,H," > 2 NH . (5¢)

Likewise for the cases of (CH3;)NH-NH,, and CH;NH-NH-CH, the generation of OH(v)
and H,0(v) may proceed under single-collision conditions, while the generation of CO or
CO2 must involved multiple collisions,

The observed products NH, CN and CH in the case of methylhydrazine are present
in the ratio 1.0, 0.23, and 0.45, respectively. The most likely path for NH is through a
complex rearrangement

O + CH4;NH-NH, > NH -t CH,NH-OH |, (6)
a process which is endothermic by ~ 0.2 eV. Thus the added CM collision energy
is essential to the formation of NH in the A 11 state. The only optically-active product
observed in the case of 1,1-DMH is NH, which suggests that the primary reaction is an
impulsive collision
O + (CH,3),N-NH, - NH -t- CH;NH-CH,0 , (7)

which is endothermic by ~ 0.05 eV.




Experimentally, the intensity of NH emission in the series N,H, : MMH : 1,1-DMH is

observed as 1.0 : 0.38 : 0.11 (Fig. 1). This is counter to the trend of the thermal-energy
rate coefficients (1.0 : 1.6 : 2.3) [10], and to the decreasing endothermicity between
Reactions (6) and (7). The different trends almost certainly is due to the fact that the
reaction-rate coefficients were measured at thermal O(°P) energies (Ecm - 0.04 eV), while
present data are at an energy two orders-of-magnitude higher (Reactions 2) where new
reaction channels and intermediates come into play, Also, present data involve only single
AO-molecule collisions, whereas the rate constants are measured under multiple collisions.
Finally, with increasing complexity of the hydrazine target, the intermediate state may
rearrange more easily into fragments other than NH, And hence the observed trend in
emission intensity corresponds to a partition of the excess energy into more open exit

channels.
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Table 1. St mmary of rotational and vibrational temperatures for the emitting species. All

temperatures are in 103 K.

SPECIES NH CN CH
T, Tr T, Ta T, Ty
N,H, O *1 4 * 0.5 a a
CH,NH-NH, 10*1 4 * 0.5 |5+ 0,5 b |0 *1 5 * 1
(CH,),N-NH, 10*1 4 + 0.5 a a
*no emission observed
*simulation insensitive to rotational temperature due to extremely small rotational spacing
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Table | |.

Threshold energies in the center-of-mass (cM) and | aboratory (LAB)

frames

for

reactions of 0o(°P) and the hydrazines. All species are taken in their ground rotational,

vibrational and electronic states. Emtting species are indicated in bold type.
Reacti on React i on Threshol d Energy (ev)
Nunber C™M LAB

1 O + NH, - 2 NH + H)0 1.73 2. 60

2 0+ NH4A - NH + OH + NH, 2.69 4.04

3 0 + CH,NH-NH, - NH + CH,NH(OH) -0.18 -0.25

4 O + CH;NH-NH, - NH + CH,N + HO -0.78 -1.05

5 0 + (CH;),N-NH, - NH + CH,NH + CH,0 2.51 3.17

6 0O + (CH;),N-NH, - CH + NH + H,0 + CH;NH 6. 02 7.62

7 0 + (CH,;),N-NH, = NH + CH;NH(CH,0) 0. 05 0.06

8 0 + (CH;),N-NH, - CN + CH,NH, + H,0 + H 0.57 0.73
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compilation by Stein [221 .

kcal/mole = 1 eV.

Table lll. Auxiliary thermodynamic data. All heats of formation are taken from the

Conversion to the eV scale is 23.06

Species AH,(g,298 K), kcal/mol
o +59.6 B
OH +9.3 B
CH +142.4 )
NH +90.0 R
H,0 -57.8 B
N,H, +22.8 B
CH,-NH-NH, +22.6 B
(CH3),N-NH, +20.0 R

NH, +4511

CH,NH +43.6 B
CH,NH, 5.5 -
CH, = NH +3.7 -
CH,0 +3.7 B
CH,0-NH, -6 -
CH;NH(OH) -12 -
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FIGURE CAPTION

Figure 1.

Measured and simulated spectra of the CHA -+ X, CNB - X, and NH
A-X emission systems in the wavelengthrange 325-440 nm, at a LAB

energy of 20 eV for (a) hydrazine, (b) MMH, and (c) 1,1-DMH. Emission
intensities may be intercompared within a spectrum and between
spectra. The spectral resolution is 4.0 nm (FWHM). Simulations of each

feature are indicated by the lines - - - —, -, — —.,, and. . . .
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